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Introduction

1
Since the pioneering work of Fujishima and Honda in 1972 on titanium dioxide (TiO2) water 2 splitting 1 , the research on the photocatalytic properties of TiO2 and its varied forms has continued 3 to attract great attention. In fact, TiO2 offers a unique combination of unpaired features among which 4 are its wide bandgap and high chemical stability [1] [2] [3] [4] [5] in addition to its availability and affordability.
5
All these facts have made TiO2 the candidate of choice for applications in solar energy 6 conversion 1, 2, 5 and photo-degradation of contaminants. 6, 7 7 Fundamentally, TiO2 is an n-type semiconductor with a wide intrinsic bandgap (Eg) of 3.0 eV and 8 3.2 eV for rutile and anatase polymorphs, respectively. This inherently restricts the photoactivity of 9 titania based devices to the ultra-violet (UV) range (which represents only ~4% of the irradiance of 10 the sunlight) and limits to a certain extent its implementation in large scale industrial photo-11 processes. 8 It is thus understandable that substantial research effort is aimed at extending the 12 photosensitivity of TiO2 to the visible light range (which represents ~40% of solar irradiance) 13 through the narrowing of its bandgap via varied approaches including self-doping, 9 dye-14 sensitization, 2, 4 cationic doping, 4, 7 and anionic doping. 3, 4, 6, 7 For the latter approach, substitutional 15 nitrogen (N) doping has been shown to be very effective, as it leads to the formation of discrete N2p 16 acceptor states within the Eg above the valence band maximum (VBM) reducing thereby the 17 bandgap energy from 3.2 eV (anatase) to ~2.3 eV (N-doped anatase). 4, 6, 7 In this context, we have 18 demonstrated in a previous study 7 that the in-situ N-doping induced Eg narrowing of sputtered TiO2 doping is a more complex process which induces different energy states within the semiconductor's 22 forbidden gap. [10] [11] [12] [13] [14] [15] [16] [17] Some of these energy levels act as acceptor states within the Eg and therefore 23 p. 3 / 29 effectively reduce the energy required for photoexcitation, while others act as charge traps and/or 1 recombination centers hindering thereby the photocharge transport. Notably, the introduction of N 2 into the TiO2 lattice has been shown to lead to two types of these energy states associated with the 3 dopant being into substitutional or interstitial sites. The substitutional doping is associated with the 4 formation of N2p acceptor levels just above the O2p levels, whereas the interstitial one is related with 5 isolated N-O type deep gap states within the Eg that may act as photocharge recombination 6 centers. [10] [11] [12] [13] [14] [15] In addition, the defects induced by the presence of both dopants are usually 7 compensated for by the oxide structure via the formation of oxygen vacancies (VO), which in turn 8 act as potent recombination centers located beneath the conduction band minimum (CBM). 14, 16 In 9 sum, both experimental and theoretical studies [10] [11] [12] [13] [14] [15] [16] [17] indicate that mono-doping (with N for example) 10 while being very effective in narrowing the bandgap, it concomitantly creates recombination centers 11 that tend to reduce the extracted photogenerated current. 4, 7 This limits the full exploitation of the 12 photocatalytic efficiency gain from the absorption edge red-shift.
To counteract this limitation, 13 density of states (DOS) models [18] [19] [20] [21] [22] [23] [24] have showed that it is possible to minimise the undesired side- 
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However, these studies showed mainly interstitial type of N-doping and the presence with almost no focus and/or 1 optimisation of the electronic passivation induced by the co-doping approach. This calls for a more 2 systematic experimental study of the structural, electronic, and chemical effects resulting from W 3 and N codoping of TiO2, over the largest dopant range accessible. The objective being to achieve 4 substitutional doping and identify the optimal doping concentrations leading to both narrowest 5 bandgap and a minimum of photocharges trapping and/or recombination (i.e. longer lifetimes of the 6 photogenerated charges). Practically, an effective co-doping of the TiO2:WN photoanodes will 7 translate into higher EPC photocurrent, which in turn will degrade more efficiently a given 8 contaminant in water.
9
In this paper, we report on the in-situ co-doping of TiO2 films by both W and N atoms by using a 10 reactive magnetron-sputtering process. By concomitantly adjusting the N2-to-Ar gas flow ratio and 11 the W-to-TiO2 target power ratio in the RF-sputtering plasma source, we were able to control the W 12 and N incorporation rates into the films, over the (0 -3) at.% and (0 -9) at.% concentration ranges, 
Results and Discussion
15
The structural and morphological features arising from the concomitant incorporation of N and W 16 atoms into TiO2 were studied via cross-section SEM observations. We have previously showed that 17 the introduction of N2 in the deposition chamber leads to an energetic competition between the the 18 dissociation of N2 molecules and the production ions that contribute to the sputtering process itself. expected that this optimal point should shift to higher RN2 as more power is put in the system.
1
Additionally, we note that increasing the power imposed on the W target while maintaining RN2 2 constant linearly increased the deposition rate. This power dependence of the deposition rate is 3 typical for metallic targets in a sputtering process. 34 The morphology of the sputter-deposited 4 TiO2:WN films showed no significant differences as a function of deposition parameters. From that 5 perspective, all the sputter-deposited films were found to be dense, smooth, and exhibit a uniform 
12
The effectiveness of our sputter process to incorporate N and W dopants in the TiO2:WN films was 13 investigated by means of XPS analysis of the N 1s, Ti 2p, O 1s, W 4f, and W 4p core level spectra. The Ti 2p states can be inferred in the corresponding O 1s core 8 levels. The main O (TiIV) peak at 529.9 eV is associated with lattice oxygen in the TiO2 matrix; we 9 note that sub-stoichiometric lattice oxygen can also be distinguished and identified as O (TiIII) at 10 ~0.5eV higher binding energy.
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Additionally, we note the presence of a third peak, denoted as 
14
The XPS derived composition of undoped films, calculated from relative peak intensities, is found 15 to be ~TiO1.87.
16
As nitrogen gas is introduced into the deposition chamber (TiO2:N films), the appearance of the N and TiO2:W.
37, [44] [45] [46] This being said, the XPS derived 4 composition of this codoped film is ~TiO1.83:W0.04N0.09 (N ~4.9 at.% and W ~1.2 at.%). This film 5 composition indicates that there is a lack of O in the films, at a similar atomic proportions as in the 6 undoped samples (which were interestingly deposited with additional oxygen during sputtering). (CBM) energy levels (a study that is beyond the scope of the present paper). In fact, the measurement 16 and quantification of the above-mentioned optoelectronic characteristics of the doped TiO2 films in 17 order to reconstruct the band energy diagrams is a thorough study that has been reported elsewhere.
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We briefly highlight here some of the relevant insights gained from this study typical of anatase under low tensile strain (~0.66%), as shown in Table 2 . This is most likely due to 10 the oxygen vacancies present in the structure, causing some of the Ti atoms to reduce from Ti In fact, this and the W doping generated strain (as high as ~4.06%) in the lattice 1 induce the TiO2:W films to transition into the rutile polymorph.
7,37
In Figure 6 the rutile phase peaks 2 are seen to be predominant and very broad (with a FWHM as large as ~2.1° for the R(110) peak).
3
The less intense anatase peak (A(101) is also found to be very broad with a FWHM of ~1.9°). see Table 2 ). This recovery of the anatase phase seems to be a direct result of local dopant charge 10 passivation, leading to a reduction of structural defects that arise from uncompensated lattice deposited onto both sides of deployed Ti-grid substrates (10 cm x 11 cm) and used as photoanodes.
1
Those photoanodes were integrated into a home built electro-photocatalytic (EPC) reactor (of which 2 details can be found elsewhere 33 ). The EPC performance of our photoanodes was assessed towards In fact, a more systematic study of the effect of the doping scheme on the 18 photocharge lifetimes has been carried out and reported elsewhere. as exhibited here by our TiO2:WN photoanodes.
11
Conclusion
12
In summary, we were able to develop and apply a reliable RF magnetron sputtering process for the 
